We calculate in QED the contribution to the photon effective action from one-loop vacuum polarization on a general curved background manifold, and use it to investigate the corrections to the local propagation of photons. We find that the quantum corrections introduce tidal gravitational forces on the photons which in general alter the characteristics of propagation, so that in some cases photons travel at speeds greater than unity. The effect is nondispersive and gauge invariant. We look at a few examples, including a background Schwarzschild geometry, and we argue that although these results are controversial they do not in fact exhibit any obvious inconsistency.
(1. 2) for polarizations respectively coplanar with and perpendicular to the plane defined by B and the direction of propagation. Here~is the angle between B and the direction of propagation.
In this paper we study the analogous problem of how photon propagation in a background gravitational field is influenced by vacuum polarization.
We again work in the one-loop approximation.
If vacuum polarization is ignored the properties of photon propagation can be inferred from the equivalence principle, namely, that the photon travels at the speed of light in a manner independent of its polarization state, which itself remains unchanged. Vacuum (2.4)
where &"' "" is the sum over one-particle-irreducible Feynman diagrams. Since we are only concerned with the propagation of individual photons, we need only consider the contribution which is quadratic in &" (x) . Gauge invariance implies that W~depends on E""rather than A" directly.
As indicated in the Introduction, the effect of virtual electron loops is to give the photon a "size" We can express their result to O(m ) -I '(q, q, )(g, &""+ g, B'"), + cR""~F"'"F + dD"F~"D,P'") . (2.5) [Our sign conventions are g "=(+---)for the metric, and R""=I ', -~"". , +I'")"I'"", -I' ", I'"", for the 
We can express 6 in the proper-time representation' oe G(x, x') =, ,""dt t""E(x,x', t) (3.6}
The bispinor E(x, x', t) is a regular function of t at t=0 with the property E(x, x, O}=i.
If we expand (s.9) where the bispinor G(x, x') satisfies
Bztensor (x, x ) We set k f'"+JR"" k f =0
and from Eq. (2.20) kf""+k"f"P + k"fP"--0. Combining these two equations we find k f'" -2$ k~PRv'", k~f =0. It is illuminating to see how the above analysis works in specific cases. Consider a background which is a plane gravitational wave traveling in the 3 direction. In the transverse traceless gauge the metric is k2(k2+ 4)2 2bp 2)(k2 4)2 2bp 2) 0 (4.ia)
The root k =0 implies that either k, = 0 or f2 = f2 = 0. Using Eq. (4.5) we see that the latter implies P1'O=Pg ' Q=O.
From Eq. (4.2) we find then it is easy to deduce that k" is parallel to e', (given the above conditions), and so k, = 0.
(ii) Otherwise, express a as a linear combination of these four vectors. propagation.
We will now turn to the Schwarzschild metric, being of particular physical interest, where we will find similar results occurring.
It follows from Eq. (5.8) that 
(5.i2).
In standard coordinates the Schwarzschild metric is"
It is easily checked that the corresponding solution is (for some X) f, "=&(k,l"-k"l, ) . f. "=~(k, m"-k"m") . proper weight to the idea discussed above that the absorptive processes will raise the wave-front velocity above the low-frequency velocity. In the end, however, a resolution of this question depends on a direct examination of short-wavelength signals. Within the framework of quantum field theory this is tantamount to examining the operator-product expansion for j"(x)j"(y), where j"(x) is the electric current in a curved-space background. This is in any case a problem of intrinsic interest, which we feel our discussion has increased.
Our calculation of the electron Green's function took no account of the effect of any boundary conditions that might have to be imposed. We would expect any such effects to depend on the size of the manifold rather than on the local curvature, and to be rather different. in nature, since the local curvature can be varied continuously in a region of the manifold without altering the boundary conditions. Ford has calculated in@ED the effect of boundary conditions for spinors on the propagation of photons in a periodic flat spacetime, and he also found corrections to the photon velocity. There, however, the corrections are dispersive and the characteristics of propagation remain on the original light cone, which is a very different sort of behavior from the one we have calculated in this paper.
In conclusion, we have calculated the one-loop electron contributions in QED to the photon effective action on a general curved-background manifold, and we have found that the tidal effects so generated can result in photons propagating faster than light. They 
